A new method for performance test of iodine adsorber, which is called cyclohexane method, is developed. Leakage simulation experiments and stability experiments using cyclohexane and freon respectively were conducted and compared to study the feasibility of using cyclohexane to replace Freon for in situ performance tests of iodine adsorber. In addition, the sorption and desorption behaviors of cyclohexane in impregnated activated carbon of iodine adsorber were investigated to study their effects on in situ mechanical leakage tests. For this reason, the effects of different carrier gas temperature, relative humidity, flow rate, and cyclohexane concentration in air were carefully investigated. Experimental results show that cyclohexane can be retained about 500 min in activated carbon bed therefore it can be used to replace freon to avoid its damage to atmosphere and temperature needs to pay attention in in situ performance tests because of its significant affection.
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1．Introduction
*
The effectiveness of iodine adsorbers, which are designed to remove radioactive iodine and its compounds to protect people and environment in nuclear air treatment systems, is critical to the safe operation of nuclear facilities. To verify whether their function meets design requirements, it is necessary to perform an in-place leak test after an iodine adsorber is installed. The installed iodine adsorber is also regularly tested during operation period to make sure it is always effective to remove radioactive iodine [1] .
Three methods at present are used to evaluate the reliability of an iodine adsorber, radioactive methyl iodide method [2, 3] , non-radioactive methyl iodide method [4, 5] , and freon method [6, 7] . Radioactive methyl iodide and non-radioactive methyl iodide methods can be used to directly measure the efficiency of iodine adsorbers to remove methyl iodine. Freon method measures only mechanical leakages caused by some interstices and defects of nuclear air treatment systems that radioactive iodine can easily penetrate from the leakage points but not go through the activated carbon layer, and a "Standard Test Method for Nuclear-Grade Activated Carbon" per ASTM D3803 in laboratory is needed to be combined to ensure the whole performance of iodine adsorbers to remove radioactive iodine. That is to say, in order to ensure an iodine adsorber installed in a nuclear air treatment system meet design requirements, *Corresponding author. Email: flyyujie@126.com an in-place freon test is needed to validate that the mechanical leakage of this system is less than 0.05% and a laboratory test to verify that the efficiency of removing radioactive methyl iodide with impregnated activated carbon, which is the same batch with those filled in this iodine adsorber, is higher than 97%..
Freon method is generally used in all nuclear power plants in United State and some nuclear power plants in China and its utilization is gradually limited because of the damage to ozone layer of atmosphere by freon reagents, therefore , EDF (France Power Group) company began to use cyclohexane as challenge gas to test the mechanical leakages of iodine adsorbers in ventilation systems in 2003 [8] . In order to prompt its application of this cyclohexane method in China, the feasibility of using cyclohexane to detect leakage rate of iodide adsorbers is studied, especially the influence of various factors on desorption behaviour of cyclohexane in activated carbon was studied by simulating different experimental conditions to provide useful information for the application of cyclohexane method in nuclear industry.
Experimental section
Experimental principle
When volatile organic gas contacts with porous solids, the organic components of the gas stream will be adsorbed on the solid surface, due to the presence of unbalanced molecular attraction. Iodine adsorbent leak rate detection can be achieved due to this features.
As shown in Figure 1 , if the iodine adsorber itself is intact or installed correctly, the test medium can be completely retained by the activated carbon when the upstream is filled with organic gas that can be retained by the activated carbon. so the adsorbate concentration of downstream is very low. If there is a bypass leakage point in the iodine adsorber system, part of the organic gas directly flows into the downstream from the bypass leakage point without passing through the activated carbon layer, resulting in the rapid increase of the downstream concentration. Therefore, it is possible to determine whether there is a mechanical leak by measuring the concentrations of specific organic compounds in the upstream and downstream gas streams of the iodine adsorbers. Due to the weak adsorption of organic substance and activated carbon, the adsorbed organic gas is continuously adsorbed and desorbed in the activated carbon layer. After a certain period of purging, the adsorbed matter gradually desorbs from the activated carbon layer with the gas flow, and organic matter concentration will increase in the downstream.
Thus, an organic reagent that meets the following criteria can be used as a test reagent for the mechanical leak rate of an iodine adsorber: 1. Retention time on activated carbon is long enough. 2. There is no disruptive effect on activated carbon. 3. It can be effectively measured.
Dynamic desorption test
Activated carbon has different adsorption capacity on various conditions for the same organic matter, so the start time of the desorption is different. If the desorption starts too early, it will cause the mechanical leakage and desorption difficult to distinguish, resulting in the test invalid. Therefore, dynamic desorption test is carried out by simulating the possible flow conditions of NPP ventilation system to prove that the cyclohexane gas can be adsorbed by the activated carbon layer, and the desorption can not affect the judgment on the mechanical leakage rate at different humidity, temperature, flow rate and upstream challenge gas concentration.
An experimental device was established to study the dynamic desorption behavior of cyclohexane in an impregnated carbon bed (Figure 2) . In order to prevent the condensed water from entering the activated carbon bed in air flow line, a gas-water separator is set at the outlet of the water bath humidifier. A buffer tank with temperature detector and humidity probe was set in front of the carbon bed to ensure the stability of the air flow, which can also display the real-time temperature and humidity of the airflow. When relative humidity and temperature of the airflow in pipeline can not meet the design requirements of experiment, a valve is opened to discharge the air flow out to avoid the unqualified airflow passing into the activated carbon test bed. A glass rotameter is used to control airflow not over its rated flow of ±10%. The activated carbon test bed includes 5 stainless steel cylinders of 25 mm diameter and 10*5 mm depth, filled with 8-16 mesh impregnated activated carbon of coconut shell. Experiments of dynamic desorption of cyclohexane under different conditions were carried out, concentrations of cyclohexane in airflow were analyzed by a PID (Photo Ionization Detector) gas chromatograph after sampled with a diaphragm pump sampler [9, 10] . 
Leakage test
In order to verify the availability of cyclohexane method, a leakage rate test of iodine adsorber was conducted [8] using cyclohexane as test medium under the rated air flow. After the temperature and humidity of airflow met their preset values, a designed amount (5ml) of cyclohexane gas was injected into the upstream (1200 m 3 /h) of the filter from the injection point in pulse mode. At the same time, started the sampling pump so that the upstream and downstream gas samples could be collected into Tedlar bags. The concentrations of the gas samples were measured by a gas chromatograph [9] , the leakage rate was calculated with the following formula.
Cdown--Concentration of downstream sampling, ppm Cup --Concentration of upstream sampling, ppm
Results and discussion
Desorption test
Relative humidity
The relationship between relative humidity and cyclohexane desorption is obtained in Figure 4 . The result shows that the residence time is reducing with the increasing of relative humidity in airflow. This is mainly due to part of microporous blockage in activated carbon caused by water vapor in carrier gas and resulted decrease of adsorption surface area. The higher the relative humidity of carrier gas, the higher the degree of plugging and competing adsorption of water vapor in activated carbon, therefore the efficiency of cyclohexane adsorption is seriously degraded, and short desorption time as well as higher concentration of cyclohexane in downstream airflow behaved. When the relative humidity rises up to 80%, there is still a long residence time. So, the leakage test can be performed at high relative humidity condition.
Temperature
Cyclohexane desorption curves of 40℃, 55℃ and 70℃ at ambient pressure and 30% relative humidity were displayed in Figure 5 . The experimental result shows that. When the temperature of airflow is about 40℃, the cyclohexane can be retained about 500 min on the activated carbon layer. When the temperature rises to 55℃, the time of the cyclohexane concentration in downstream of air flow increases from 160 minutes after test commencement. And the temperature rises to 70℃, the residence time shorts to 10 min. This is mainly attributed to that the adsorption of cyclohexane on activated carbon is an exothermic process and therefore elevated temperature is conducive to cyclohexane desorption. Although the adsorption and desorption rate both increase with the rise of temperature, the desorption rate increases more rapidly than adsorption rate, thus cyclohexane is easier to penetrate the carbon bed at elevated temperature. So low temperature is beneficial to leakage test on the site, the recommend valve is not beyond 70℃. 
Flow rate
The cyclohexane desorption curve (Figure 6 ) was obtain at a feed gas flow rate of 0.25 m/s and 0.5 m/s. The experimental results show that the larger the carrier gas flow rate, the shorter the penetration time of cyclohexane on activated carbon, and the higher the concentration of cyclohexane in downstream of the activated carbon bed at the same time point. This is ascribed to the shorter contact time of cyclohexane with activated carbon resulted by the higher flow rate of carrier gas, which is not conducive to the adsorption of cyclohexane. The larger carrier gas flow rate is also beneficial for desorption of the adsorbed cyclohexane from activated carbon. In order to avoid confusion between desorption and leakage, the onsite leakage test should be carried out on low air flow rate condition, not exceed 0.5 m/s. Figure 7 shows the effect of upstream tracer concentration on desorption time and desorption rate of cyclohexane under the same experimental conditions. The results show the penetration time of cyclohexane on activated carbon bed decreases with the increase of cyclohexane concentration in the upstream of activated carbon bed. This is due to the cyclohexane will occupy more active sites when the concentration increases. The performance is the adsorption mass transfer zone growth and the fresh area shorten. Therefore, the movement of cyclohexane in the activated carbon bed will be accelerated, and the penetration concentration will increase. So, In the field test, the injection of cyclohexane can not be too much, preferably the upstream concentration is not more than 200ppm.
Upstream challenge gas concentration
Leakage rate test
Leakage simulation test
When the gas stream containing cyclohexane passes through the iodine adsorber, all of the organic components in the gas stream are almost retained by the activated carbon. When the carbon adsorbent itself collapses or is not installed properly, a portion of the gas stream does not pass through the activated carbon layer Figure7 .
Desorption curve of cyclohexane with gas concentration.
bypassing the iodine adsorber directly, resulting in an increase in the concentration of cyclohexane in the downstream gas stream. Therefore, by simulating leaks of different diameters, the effectiveness and sensitivity of this test method for small leaks can be verified. In this experiment, tiny bypass leak points of 0mm, 1mm, 2mm and 3mm in diameter were respectively created, and the leak rate was measured respectively by the cyclohexane test method.
Experimental results show that the well-structured iodine adsorber installed in the system, the leakage rate is 2.58×10 -5 . When there is a 1mm bypass hole, the leakage rate increases significantly to 2.67×10 -4 , indicating that the test method can very sensitively detect tiny mechanical leaks. The assessment of the leakage rate depends on the size of the leakage point pore size. As can be seen from Figure 8 , the leakage rate increases with the increase of bypass diameter, that means the cyclohexane method has a good response for mechanical leakage, and is feasible to evaluate the leakage rate for iodine adsorber. 
Leakage rate comparison test
Freon method uses the R-11 as a test reagent, measured with a halogen sensor. The principle of cyclohexane method is same as Freon method, but only the reagents and detection methods are different. The leakage rate was measured with freon method and cyclohexane method respectively under the conditions of different bypass diameters to verify whether these two test methods are consistent and comparable. In this experiment, bypass leaks of size 2mm×3mm, 2mm× 6mm and 2mm×10mm were respectively created on iodine adsorber.
The result shows that when the iodine adsorber intact, the difference was only 7×10 -6 between the two methods measured results. When the sizes of leak holes were 2mm×3mm, 2mm×6mm and 2mm×10mm, the difference between the two methods was only 3×10 . Experimental results show that the leakage rates of the same iodine adsorber measured with freon method and cyclohexane method are almost the same value, that means cyclohexane method can be used in nuclear industry to replace the freon method to measure leakage rates of iodine adsorbers. 
Precision verification
A bypass leakage was created in the tested iodine adsorber and repeatability tests were conducted with cyclohexane method to verify dispersion degree of this method.
It can be known from the experimental results that the standard deviation of 6 repeated tests is 3.37×10 -5 , the relative standard deviation is 2.71%, and the confidence interval at 95% confidence level is (1.17×10 -3 to 1.31×10 -3 ). That is to say the cyclohexane method for leakage test of iodine adsorber has higher precision and reliability.
Conclusion
Our study on dynamic desorption behavior of cyclohexane gas on impregnated activated carbon shows that the retention time of cyclohexane at various conditions can meet the requirements for leakage test of iodine adsorbers. The new method is efficient to evaluate leakage rate of iodine adsorber. It also has advantages of simple operation, low toxicity and damage to people and environment, and good repeatability, and can be used in adsorber routine test and on-site test.
